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1.1 Research Background of Conductive Polymers 
Science and technology in recent years has been rapid progress.  
In particular, the polymeric material is advanced to study a wide 
range of fields. Have been required to have a characteristic that the 
new polymer. Conductive polymer was developed in 1977 by 
Shirakawa and coworkers (1). It is one of the applications of 
advanced materials for a wide range of fields, and researches have 
been done until now. The conductive polymers with conjugated 
double bonds has been attracted much attention as advanced 
materials. The conductive polymers could be distinguished between 
three types: electron conducting polymers (2, 3), proton conducting 
polymers (4, 5) and ion conducting polymers (6.7).  Each polymer 
type has already found widespread use in many, mainly optical and 
electronic applications such as batteries (8, 9), displays (10, 11), and 
optical signal processing (12, 13), solar energy conversion (14, 15). 
The conductive polymer material has many advantages compared to 
the metals, such as highly corrosion resistance (16, 17), low density 
(18), high elasticity (19, 20) and cheap. Therefore, the conductive 
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polymer has been applied as an alternative material for metallic 
materials in wide fields. 
There are categorized in the chemical structure of conductive 
polymers, there have been roughly classified as aliphatic, aromatic, 
heterocyclic and heteroatom containing type as shown in the 
chemical structure inserted in Table 1. For example, the typical 
types of aliphatic, aromatic, heterocyclic and heteroatomic polymers 
are seen for polyacetylene, poly (p-phenylene), polypyrrole (PPy) 
and polythiophene (PTh), and polyaniline (PANI), respectively. 
These polymers in double bonds have π-electrons derived from the 
conjugated chemical structure and the electron can move along 
polymer backbone freely. Hence, such conductive polymer shows 
specific properties relative to typical insulating polymer having only 
single bonds. Generally, their electrical and physical properties are 
influenced by their molecular structure, polymerization procedure 
and condition, chemical doping and so on.   From these benefits and 
practicality of conductive polymer, many studies have been reported. 
Table 2 shows the number of publications of conductive polymer 
with the Scifinder (30). Number of reports of PPy and PANI are more 
than 20000, and many papers has been reported across the board 
also other conductive polymers. In addition, number of patent 
applications for conductive polymer technology is also increasing  
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(Figure1). Tend to increasingly trend of patent applications in the 
world according to the Patent Office published the report 
"Technology Trends survey patent application". (31) 
 
1.1.1 Conductive expression of the conductive polymer 
The conductivity of a polymer can be increased severalfold by 
doping it with oxidative/reductive substituent or by donor/acceptor 
radicals (Table 3). Shirakawa and Ikeda discovered that doping of 
polyacetylene (PA) with metallic regimes increases its conductivity 
by 9 to 13 orders of magnitude. The doping is usually quantitative 
and the carrier concentration is directly proportional to the dopant  
concentration (32). Doping of conductive polymers involves random 
dispersion or aggregation of dopant in molar concentrations in the 
disordered structure of entangled chain and fibrils. Polymer doping  
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leads to the formation of conjugational  defects, viz. solitons, 
polarons or bipolaron in the polymer chain (Figure 2). An x-ray 
diffraction study on iodine-doped polyacetylene shows that the C-C 
bond length of the polyacetylene chain increases with donor doping 
but decreases on acceptor doping (33). The presence of localized 
electronic states of energies less than the band gap arising from 
changes in local bond order, including the formation of solitons, 
polarons and bipolaron have led to the possibility of new types of 
charge conduction present in these polymer systems. Doping is 
generally performed in the chemical doping that is reacted with the 
conductive polymer in the gas/liquid phase dopant (34,35) and 
electrochemical doping that performed electrochemically reacted by 
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1.1.2 Preparation methods of conductive polymers 
There is no singular method for synthesizing polymers that can 
be transformed into conductive polymers, the incorporation of 
extended p-electron conjugation is of foremost importance. 
Conductive polymers except ionomeric polymers may be synthesized 
using standard methods of polymerization including conventional as 
well as specific routes which include Witting, Horner and Grignard 
reactions, polycondensation processes and metal  catalyzed 
polymerization techniques. Oxidative coupling with oxidizing Lewis 
acid catalysts generally leads to polymers with aromatic or 
heterocyclic building blocks. Conductive polymers may be 
synthesized by any one of the following techniques: Chemical 
polymerization (37-40), Electrochemical polymerization (41,42), 
Photochemical polymerization (43), Metathesis polymerization 
(44,45), Concentrated emulsion polymerization (46), Inclusion 
polymerization(47), Solid-state polymerization(48), Plasma 
polymerization (49), Pyrolysis (50) and Soluble precursor polymer 
preparation (51). 
Among all the above categories, chemical polymerization is the 
most useful method for preparing large amounts of conductive 
polymers, since it is performed without electrodes. Chemical 
polymerization (oxidative coupling) is followed by the oxidation of 
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monomers to a cation radical and their coupling to form dication and 
the repetition of this process generates a polymer. All the classes  of 
conjugated polymers may be synthesized by this technique. 
 
1.2 Polypyrrole  
Polypyrrole (PPy) is a chemical compound formed from a number 
of connected pyrrole ring structures. PPys are conducting polymers 
of the rigid rod polymer host family, all basically derivatives of 
polyacetylene. Polypyrrole was the first polyacetylene derivative to 
show high conductivity. PPys are also called pyrrole blacks or 
polypyrrole blacks. PPys also exist naturally, especially as part of a 
mixed copolymer with polyacetylene and polyaniline in some 
melanin. Recently, studies of polypyrrole have been made to various 
fields because of its molecular characteristics  as well as conductive 
property. Application of new properties polypyrrole has been studied  
such as drug delivery system (51,52), heavy metal adsorbent (53,54) 
and so on. Generally, PPy is prepared by chemical  polymerization 
and electrochemical polymerization (Figure 3). When the PPy 
prepared by electrochemical polymerization, yield is low and 
frangible films are created. There is also a disadvantage in the 
electrochemical polymerization is that special equipment is required 
further. In other hands, Chemical polymerization method can be  
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easily synthesized polypyrrole (55,56). However the prepared PPy 
by chemical polymerization are in powder form. It is also important 
to the establishment of a new polymerization process to compensate 
for these disadvantages. PPy has many advantages as described 
above, research and development had been actively carried out in 
various fields. In particular, it is composited with other materials, 
polypyrrole is an effective means to broaden the range of 
applications. There were reports in recent year for SnO2–polypyrrole 
composite material was synthesized using a chemical polymerization 
method by L. Yuan and coworkers, for using lithium-ion battery (58). 
J. Wang and coworkers reported that the electrochemical 
capacitance properties of composite films prepared from electricall y 
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conducting polypyrrole and single wall carbon nanotubes have been 
investigated for super capacitor application (59). In the present 
work, oxidation polymerization of Py was observed to proceed 
simultaneously with the coagulation of CA for formation of PPy-CA 
composite films. In the wet-coagulated films, porous CA was found 
with PPy layer on the scaffold, when the CA solution in Py was used 
in the oxidation of Py polymerization. Such idea suggests an 
attractive method for preparing conductive composite films. When 
the Py polymerization occurred in the composite films, effects of 
FeCl3 concentration and coagulation conditions were examined.  
 
1.3 Polyaniline  
Polyaniline (PANI) is a conducting polymer of the semi-flexible 
rod polymer family. Although the compound itself was discovered 
over 150 years ago, only since the early 1980s has polyaniline 
captured the intense attention of the scientific community. This 
interest is due to the rediscovery of high electrical conductivity. 
Amongst the family of conducting polymers and organic 
semiconductors, polyaniline has many attractive processing 
properties. Because of its rich chemistry, polyaniline is one of the 
most studied conducting polymers of the past 50 years.  
The characteristics of the PANI are a change in the structure by 
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the oxidation state (60,61). The PANI can take two structures. These 
are the amine which is the nitrogen atoms has been reduced and the 
imines which is oxidized. There is also protonation of the nitrogen 
atoms. Therefore, the molecular structure of polyaniline is quite 
complex. It is known that PANI takes the structure of fully reduced 
form of leucoemeraldine (LB), partially reduced form of emeraldine 
(EB), and fully oxidized form of pernigraniline (PB) (Figure 4). And 
it is showing high conductivity by the doping with some dopant. 
Some polyaniline based materials are solution and melt processable. 
They offer clear benefits over traditional plastics made conductive 
by the addition of fillers (carbon blacks, metal particles and flakes, 
metal fibers, carbon fibers, and others). They provide precisely 
controlled electrical conductivity over a wide range, improve phase 
compatibility and thus blend ability with bulk polymers, provide 
easier means of processing and forming conductive products and 
provide low cost solutions for the production of transparent and 
colored thin films and coatings. 
 
1.4 Cellulose acetate.  
Cellulose acetate (CA) is one of the most important esters of 
cellulose. Depending on the way it has been processed cellulose 
acetate can be used for great varies of applications (e.g. for films,  
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membranes or fibers). 
The properties of the applied cellulose acetates are very important 
for these applications. A special field for using cellulose acetate is 
the synthesis of porous, spherical particles. CA shows good abilities 
like excellent chemical resistance, heat resistance and flammability. 
It can be used in wide fields that CA was applied cigarette filters, 
photographic film and separation membranes. In addition, CA has 
also well known to dissolve in various solvents easily. From these 
properties, it has been studied as a composite material with various 
substances. Many cellulose has used as a membrane prepared by 
phase inversion method that has many advantages such as easy to 
prepare membranes, the resulting membranes are porous, thickness 
and hole size were can be control and so on. As will be described 
later, it is one of the most important aspects of this study.  CA is 
readily soluble in the pyrrole monomer and aniline monomer, and 
insoluble monomers. 
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1.5 Phase inversion method 
Phase inversion method is a typical process in which the polymer 
dissolved homogeneously in the solvent can be precipitated from the 
coagulation bath which is miscible with the polymeric solvent. It 
bears merits such as easy, fast, and versatile that it is commonly 
used to prepare symmetric and asymmetric polymeric membranes 
for a wide range of applications in water treatment, biomedical 
technology, as well as electrical industry. 
The main route of the phase inversion process involves two 
different types of phase transition (62), which can be illustrated in a 
ternary phase diagram (Figure 5). These are: (1) liquid-liquid phase 
separation, in which the completely miscible solution crosses the 
bimodal boundary to enter the two phase region (fromⅠ to Ⅱ ), and 
(2) solidification (from Ⅰ  to Ⅲ  or from Ⅱ  to Ⅲ ); since the 
viscosity of the polymer solution increases to a certain assumed 
value, the motion of polymer chains will be limited and the system 
can be regarded as a solid to fix the membrane structure. 
Liquid-liquid phase separation in homogeneous polymer solution 
can be caused by variation in temperature and/or composition of the 
mixture. When a homogeneous solution becomes thermodynamically  
unstable, the solution can decrease its free energy from mixing by 
dividing into two liquid phases of different composition that is a  
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nucleus of the polymer-poor phase that forms the nascent pore and a 
polymer-rich phase that surrounds the pore. Hence, a nascent pore 
comprises the polymer-poor phase surrounded by the polymer-rich 
phase. The two liquid phases are in thermodynamic equilibrium and 
can be connected by the tie line in the phase diagram (63). 
 
1.6 Composite materials and New wet cast technique 
In recent years, a number of innovative new materials had been 
developed in chemistry filed. These materials had been applied in 
various ways in order to add additional properties and industrial 
values. In various application techniques, the hybrid technique into 
multiple materials due to expansion of the values and properties of 
the materials are widely used. Table 4 shows an application and its 
characteristics of the composite materials and techniques. The  
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composite materials had been prepared using various methods and 
techniques depending on the purpose. In this thesis would described 
composite materials of conductive material and film (Membrane) 
materials, established technique of prepared composite materials is 
a unique way ever and has high future potential. 
New phase inversion method was established has been developed 
by applying the existing phase inversion methods. Figure 7 shows a 
schematic diagram. Features of this method, the monomers of 
conductive polymer could be used as a solvent for dissolving the 
membrane substrate, and oxidation polymerization of conductive 
polymer was observed to proceed simultaneously with the 
coagulation of scaffold material for formation of composite material 
by contained polymerization initiator into the coagulation water in 
advance. Thus, it is possible to prepare the composite material 
easily and simply. In addition, it could be control the shapes of 
composite materials. In the case of spread of the homogeneous 
solution of scaffold material was dissolved by monomer of 
conductive polymer on the flat material such as glass plate and 
immersion in the coagulation solution contained polymerization 
initiator, the resultant material form to film shape. Furthermore, 
properties of resultant material could be controlled by changing the 
coagulation condition. The homogeneous solution was injected to  
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coagulation solution using syringe, the resultant materials formed 
fiber shape. Surprisingly, under certain conditions, the resultant 
fiber formed dual layer hollow fiber shape.  It is possible to produce a 
composite material with a simple step, the method can be controlled 
in accordance with the intended shape.  The resulting composite 
material is not only as the conductive material. In the future and 
can also be applied as a membrane material.  From the viewpoint of 
shape control, as well as the field of research, it is applicable as a 
method available industrially produced in the future. 
 
1.7 Outline of this thesis 
This thesis is described from view points of preparation of 
conductive composite materials with new simple wet cast technique. 
Thus, this consists five chapters as following. Chapter 1 is general 
introduction for conductive polymers and new simple wet cast 
technique. Chapter 2 describes conductive PPy composite films 
prepared using wet cast technique with a Py-CA solution. In this 
chapter, using new simple wet cast technique was applied for 
preparation of PPy-CA composite film. Py was used as a solvent for 
CA which was dissolved. Then, in order to prepare PPy-CA 
composite film, the Py viscous solution of CA was cast on glass plate 
and immersed in FeCl3 aqueous solution. It was also studied that 
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the effects of the properties of the PPy-CA films by the coagulation 
conditions. Chapter 3 shows application of new wet cast technique. 
This chapter focuses to dual layer hollow fiber of 
polyaniline-cellulose acetate prepared with simple wet technique of 
chemical polymerization of aniline. Then, the characteristics of the 




1. Hideki Shirakawa, Edwin J. Louis, Alan G. MacDiarmid, Chwan K. 
Chang and Alan J. Heeger, J.C.S. Chem. Comm., 1977 578-580. 
 
2. G. Inzelt, M. Pineri, J.W. Schultze and M.A. Vorotyntsev, 
Electrochimica Acta 45 (2000) 2403–2421. 
 
3. Johan Bobacka, Maria Grzeszczuk and Ari Ivaska, Journal of 
Electroanalytical Chemistly, 427(1997), 63-69. 
 
4. C.A. Edmondson, J.J. Fontanella, S.H. Chung, S.G. Greenbaum and G.E. 
Wnek, Electrochimica Acta, 46 (2001) 1623–1628. 
 
5. I. Honma, H. Nakajima, O. Nishikawa, T. Sugimoto and S. Nomura, 
Solid State Ionics 162– 163 (2003) 237– 245. 
 
6. Anna Gonz´alez-Bellavista, Jorge Macan´as, Maria Mu˜noz and Esteve 
Fabregas, Sensors and Actuators B, 125 (2007) 100–105. 
 
7. J.L. Ndeugueu, M. Ikeda and M. Aniya, Solid State Ionics, 181 (2010) 
16–19. 
 
8. Irin Sultana, Md. Mokhlesur Rahman, Jiazhao Wang, Caiyun Wang, 
Gordon G. Wallace and Hua-Kun Liu, Electrochimica Acta 83 (2012) 
209– 215. 
 
9. C.Y. Wang, G. Tsekouras, P. Wagner, S. Gambhir, C.O. Too, D. Officer 
Chapter 1                                    General Introduction   
- 22 - 
 
and G.G. Wallace, Synthetic Metals 160 (2010) 76–82. 
 
10. M.E. Hassan Amrani, Peter A. Payne and Krishna C. Persaud, Sensors 
and Actuators B, 33 (1996) 137-141. 
 
11. Travis W. Hesterberg, Xiaoping Yang and Bradley J. Holliday, 
Polyhedron 29 (2010) 110–115. 
 
12. Sudhir Kumar Sharma and S. C. K. Misra, Optik 113, No. 8 (2002) 
351–353. 
 
13. Q. Fang, D.G. Chetwynd, J.A. Covington, C. -S. Toh and J.W. Gardner, 
Sensors and Actuators B, 84 (2002) 66–71. 
 
14. Ue JinLee, Sang-HoLee, JongJinYoon, SunJooOh, SuckHyunLee and Jae 
Kwan Lee, Solar Energy Materials & Solar Cells , 108 (2013) 50–56. 
 
15. Sungho Woo, Jae Hoon Jeong, Hong Kun Lyu, Seonju Jeong, Jun Hyoung 
Sim, Wook Hyun Kim, Yoon Soo Han and Youngkyoo Kim, Physica, 
B407(2012)3059–3062. 
 
16. T.K. Rout, G. Jha, A.K. Singh, N. Bandyopadhyay and O.N. Mohanty, 
Surface and Coatings Technology, 167 (2003) 16–24. 
 
17. Herbert D. Johansen, Christopher M.A. Brett and Artur J. Motheo, 
Corrosion Science, 63 (2012) 342–350. 
 
18. Janu Sharma, Navin Chand and M.N. Bapat, Results in Physics, 2 (2012) 
26–33. 
 
19. Zhi-Min Dang, Jin-Kai Yuan, Jun-Wei Zha, Tao Zhou, Sheng-Tao Li and 
Guo-Hua Hu, Progress in Materials Science, 57 (2012) 660 –723. 
 
20. Stanisław Krompieca, Michał Filapek, Iwona Grudzka, Sławomir Kula, 
Aneta Słodek, Łukasz Skórka, Witold Danikiewicz, Przemyslaw Ledwon 
and Mieczyslaw Lapkowski, Synthetic Metals, 165 (2013) 7– 16. 
 
21. C.K. Chiang, C. R. Fincher, Jr., Y. W. Park, and A. J. Heeger, Physical 
Review Letterrs, 39(1977) 1099.  
 
22. H. Naarmann, N. Theophilou. Synth. Met., 22 (1987) 1.  
 
23. G. E. Wnek, J. C. W. Chien, F. E. Karasz, C. P. Lillya. Polymer, 20 
(1979) 1441. 
Chapter 1                                    General Introduction   
- 23 - 
 
 
24. I. Murase, T. Ohnishi, T. Noguchi, M. Hirooka. Polym. Commum., 25 
(1984) 327.  
 
25. S.Radhakrishnan, S. Paul, Sens. and Actuat. B: Chem., 125, 60 (2007). 
 
26. D. Svirskis, J. Travas-Sejdic, A. Rodgers and S. Garg, J. Control. 
Release., 146, 6 (2010).  
 
27. R. J. Waltman, J. Bargon, A. F. Diaz. J. Phys. Chem., 87 (1983) 1459.  
 
28. J. C. Cheng, A. G. MacDiarmid. Syhnt. Met., 13 (1986) 193.  
 
29. A. F. Diaz, J. A. Logan. Electroactive polyaniline films. J. Electroanal. 
Chem., 111 (1980) 111.  
 






32. D. KUMAR and R. C. SHARMA, Eur. Polym. J., 34(1998) 1053 -1060. 
 
33. J.L.Bredas and G.B.Street, Acc. Chem. Res., 18(1985) 309 -315 
 
34. P. Zarras, N. Anderson, C. Webber, D.J. Irvin, J.A. Irvin, A. Guenthner 
and J.D. Stenger-Smith, Radiation Physics and Chemistry 68 (2003) 
387–394. 
 
35. Mitsuyoshi Onoda, Yayoi Abe and Kazuya Tada, Thin Solid Films 519 
(2010) 1230–1234. 
 
36. Marius Nolte, Xianglong Wan, Olga Kopp, Ina Hermes, Jan Panz, 
Afsaneh Rahmanian, Meinhard Knoll, Electrochimica Acta , 56 (2011) 
2983–2989. 
 
37. Chen, S. A. and Tsai, C. C., Macromolecules, 26(1993) 2234.  
 
38. Wei, Y., Tian, J., MacDiarmid, A. G., Masters, J. G., Smith, A. L. and Li, 
D., J. Chem. Soc. Chem. Commun., 7(1994) 552.  
Chapter 1                                    General Introduction   
- 24 - 
 
 
39. Beadle, P., Armes, S. P., Gottesfeld, S., Mombourquette, C., Houlton, R., 
Andrews, W. D. and Agnew, S. F., Macromolecules, 25(1992), 2526.  
 
40. Somanathan, N. and Wegner, G., Ind. J. Chem., 33A,(1994) 572.  
 
41. G. Inzelt, M. Pineri, J.W. Schultze and M.A. Vorotyntsev, 
Electrochimica Acta, 45 (2000) 2403–2421 
 
42. Gregory A. Sotzing, John R. Reynolds and Peter J. Steel, Chem. Mater. 
8(1996) 882-889. 
 
43. Yusuf Yagci, Faruk Yilmaz, Senem Kiralp and Levent Toppare, 
Macromol. Chem. Phys. 206(2005) 1178–1182. 
 
44. Mustafa S. Yavuz and Gregory A. Sotzing, European Polymer Journal , 48 
(2012) 875–880. 
 
45. Toshio Masuda, S.M. Abdul Karim and Ryoji Nomura, Journal of 
Molecular Catalysis A: Chemical , 160 2000. 125–131 
 
46. Yong Lei, Hideki Oohata, Shin-ichi Kuroda, Shintaro Sasaki and 
Takakazu Yamamoto, Synthetic Metals 149 (2005) 211–217. 
 
47. A. Sezai Sarac, Una Evans, Marina Serantoni, Jason Clohessy and 
Vincent J. Cunnane, Surface and Coatings Technology 182 (2004) 7–13. 
 
48. Hong Meng, Dmitrii F. Perepichka, and Fred Wudl , Angew. Chem. Int. 
Ed. 42, 6(2003) 658-661 
 
49. F. Finsterwalder and G. Hambitzer, Journal of Membrane Science 185 
(2001) 105–124. 
 
50. Miroslava Trchova, Pavel Matejka, Jitka Brodinova, Andrea Kalendova,  
Jan Prokes and Jaroslav Stejskal, Polymer Degradation and Stability 91 
(2006) 114-121. 
 
51. Howard E. Katz, Zhenan Bao, and Sylvain L. Gilat, Acc. Chem. Res. 
34(2001) 359-369. 
 
52. Darren Svirskis, Bryon E. Wright, Jadranka Travas -Sejdic, Anthony 
Rodgers and Sanjay Garg, Sensors and Actuators B 151 (2010) 97–102. 
 
53. Manisha Sharma, Geoffrey I.N. Waterhouse, Samuel W.C. Loader, 
Chapter 1                                    General Introduction   
- 25 - 
 
Sanjay Garga and Darren Svirskis, International Journal of 
Pharmaceutics, 443 (2013) 163– 168. 
 
54. Moonjung Choi and Jyongsik Jang, Journal of Colloid and Interface 
Science 325 (2008) 287–289. 
 
55. Keun-Young Shin, Jin-Yong Hong and Jyongsik Jang, Journal of 
Hazardous Materials 190 (2011) 36–44. 
 
56. G.I. Mathys and V.-T. Truong, Synthetic Metals, 89(1997)103-109 
 
57. Chao Yang, Xue Wang, Yunjiao Wang and Peng Liu, Powder Technology 
217 (2012) 134–139. 
 
58. L. Yuan, J. Wanga, S.Y. Chewa, J. Chenb, Z.P. Guoa,  L. Zhaoa, K. 
Konstantinov and H.K. Liu, Journal of Power Sources 174 (2007) 
1183–1187. 
 
59. Jie Wang, Youlong Xu, Xi Chen and Xiaofei Sun, Composites Science 
and Technology, 67 (2007) 2981–2985. 
 
 
60. J.E. de Albuquerque, L.H.C. Mattoso, R.M. Faria,  J.G. Masters and A.G. 
MacDiarmid, Synthetic Metals, 146 (2004) 1–10. 
 
61. N. Gospodinova and L. Terlemezyan, Prog. Polym. Sci., 23(1998) 
1443–1484. 
 
62. T.-H. Young and L.-W. Chert, J. Membr. Sci., 57 (1991) 69.  
 
63. Tai-Horng Young and Leo-Wang Chen, Desalination 103 (1995) 233-247 
 
64. J.B. Yadav, R.K. Puri  and Vijaya Puri, Applied Surface Science 254 
(2007) 1382–1388 
 
65. Kai He, Mingtao Li and Liejin Guo, Inter national Journal of 
Hydrogen Energy, 37 (2012) 755-759 
 
66. Nor Faizah Razali, Abdul Wahab Mohammad, Nidal Hilal, Choe 
Peng Leo and Javed Alam, Desalination, 311 (2013)182-191 
 
67. Li Cui, Juan Li and Xiao-gang Zhang, Materials Letters, 63 (2009) 
683-686 
 
Chapter 1                                    General Introduction   
- 26 - 
 
68. H.P. de Oliveira, M.V.B. dos Santos, C.G. dos Santos, C.P. de Melo , 
Materials Characterization 50 (2003) 223– 226 
 
69. Sung Yeol Kim, Jinkee Hong and G. Tayhas R. Palmore, Synthetic 
Metals 162 (2012) 1478– 1481 
 
70. Jale Hacaloglu, Semih Yigit, Ural Akbulut and Levent Toppare, Polymer 
38 (1997) 5119-5124 
 
71. Johannes steinmetz, Hyun-Jung Lee, Soyoung Kwon, Dong-Su Lee, 
Christophe Goze-Bac, Edy Abou-Hamad, Hwayong Kim, Yung-Woo Park, 
Current Applied Physics, 7 (2007) 39–41 
 
 
Chapter 2                                              CA-PPy Composite films 
 




Conductive Polypyrrole Composite Films Prepared Using Wet 
Cast Technique with a Pyrrole-Cellulose Acetate Solution 
 
Abstract 
Conductive polypyrrole-cellulose acetate films were prepared from cellulose 
acetate (CA) solution of pyrrole (Py) using wet cast method. In the composite 
films, Py was used as a solvent for CA which was dissolved with different 
concentration. Then, in order to prepare PPy-CA composite film, the Py 
viscous solution of CA was cast on glass plate and immersed in FeCl3 
aqueous solution. When the CA film was formed in the aqueous solution, the 
polymerized PPy particles having about 1 μm diameter were formed in 
composite film. The resultant composite films were characterized, showing 




Polypyrrole (PPy) is known as an important conducting polymer and has 
been widely used in recent years for electrical and electronic applications 
such as sensors and solar cells [1-7]. Conductive polymers are known to have 
extensive π electron conjugated systems in the chemical structure of the 
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main chain. This is the reasons for its electrical conductivity expressed by 
delocalizing a main chain using a dopant such as halogen and alkali metal in 
conjugated polymer [8-11]. Most of PPy films can be produced by 
electrochemical polymerization, but film fabrication presents some 
important shortcomings: the resultant film is fragile, and dedicated 
equipment must be used. Relative to the electrochemical method, chemical 
reactions were also used to prepare PPy [12]. Among them, oxidative 
polymerization of Py formed PPy in the presence of FeCl3 [13]. But, the 
obtained PPys in chemical polymerization are generally limited to powders, 
and they are difficult in several applications for film formation. To solve 
these problems, synthesis of PPy can be performed by dissolution in the 
solvent [14] which disperses PPy particles in the film. Although PPy has 
been studied in various fields, PPy presents difficulties in mechanical 
strength and shape control of the films. Nevertheless, appropriate composite 
films can be expected to provide various new applications for PPys. For 
example, conductive films made of PPy have been applied and used 
particularly as antistatic agents [15], transistors [16, 17], and actuators [18, 
19]. In report for composite conductive polymer films, a method of forming 
PPy was developed using a nitrate-cellulose acetate composite film by a 
two-compartment cellulose–polypyrrole. Dongtao Ge and coworkers reported 
that the composite material could be applied to drug delivery system [20]. 
But, still little is known about such composite conductive films, although 
 
Chapter 2                                              CA-PPy Composite films 
 
- 29 - 
 
they have advantages in shaping films with better mechanical strength and 
flexibility. 
The present paper describes a unique technique of preparation of conductive 
PPy composite films. In our preliminary study, it is revealed that Py can 
dissolve many polymers such as polyethylene glycol, polysulfone, polystyrene 
and cellulose acetate. With emphasis on cellulose acetate (CA), preparation 
of PPy composite film is attempted using a straightforward wet cast 
technique. Here, CA is well known as a derivative of cellulose obtained by its 
acetylation. CA film shows good capabilities such as excellent chemical 
resistance, heat resistance, and flame resistance. In diverse applications, CA 
has been used for cigarette filters, photographic film and separation 
membranes [21–25]. Among these applications, CA film was reported to be 
formed using the phase inversion method [26, 27]. This wet cast method was 
known to be useful for transforming polymer liquid solution to a solid state 
in wet cast technique. The polymer solidification was performed via polymer 
coagulation in poor solvent by immersion for coagulation [28-29]. When the 
coagulation occurred, forming a porous CA film was proceeded in coagulation 
water. In the present work, oxidation polymerization of Py was observed to 
proceed simultaneously with the coagulation of CA for formation of PPy-CA 
composite films. In the wet-coagulated films, porous CA was found with PPy 
layer on the scaffold, when the CA solution in Py was used in the oxidation of 
Py polymerization. Such idea suggests an attractive method for preparing 
 
Chapter 2                                              CA-PPy Composite films 
 
- 30 - 
 
conductive composite films. When the Py polymerization occurred in the 





Pyrrole (Py) was used as the solvent and monomer (Tokyo Kasei Kogyo Co. 
Ltd., Japan). The cellulose acetate (CA) used contained 39.7 wt% acetyl 
content (Aldrich, USA) with average molecular weight of ca. 50,000. Iron 
(III) chloride (anhydrous FeCl3; Nacalai Tesque Japan) was used as the 
polymerization initiator and dopant. 
 
2.2.2 Preparation of PPy-CA composite films 
In a typical procedure, CA was soluble in pyrrole with 14 wt% of CA in the Py 
solvent. The Py–CA viscous solution was stirred overnight at room 
temperature until a homogeneous solution was obtained. The CA film was 
then prepared using wet cast technique as follows. The resultant Py–CA 
viscous solution was spread on a glass plate (75mm × 25mm) with about 100 
μm thickness of the spread solution. The thickness of the film was controlled 
by using lumirror film (Toray, Japan) used as a spacer to be about 100 μm. 
Then, the plate with the spread Py–CA solution layer was immersed 
immediately in aqueous solution containing different concentrations of FeCl3 
 
Chapter 2                                              CA-PPy Composite films 
 
- 31 - 
 
at 25 °C. The CA coagulation was conducted in water (100ml) containing 
different concentration of FeCl3, since the oxidation polymerization of Py was 
occurred [30]. The PPy formed in the CA film matrix on the glass plate 
became black after a certain time. The resultant black film was washed 
using distilled water to remove excess Py and PPy from the composite film. 
Then, the films were dried in vacuum at room temperature overnight. 
 
2.2.3 Characterization of polymer solutions and films 
The sample solution viscosities were measured using a B type viscosity 
meter (Tokyo Keiki Inc., Japan). Fourier transform infrared (FT-IR) spectra 
of the film samples were measured using a IRprestige-21 spectrometer 
(Shimadzu Corp., Japan) with transmittance mode. Spectra were recorded at 
the 400–4600 cm-1 region. To evaluate PPy amounts in the CA films, FT-IR 
spectra were measured. When the loading content of PPy in the CA film was 
changed in different contents in mixing together with KBr powder, FT-IR 
spectra was applied for their mixtures as calibration. In the spectral data 
characteristic IR bands for PPy and CA were chosen for estimation of PPy 
loading in the composite films. Reflection FT-IR spectra of thick film samples 
were measured using an infrared microscope (AIM8800; Shimadzu Corp., 
Japan) connected to an existing infrared spectrometer at 670–4600 cm-1. 
UV-vis spectra in transmittance and reflection models for the samples were 
obtained using a UV-vis spectrometer (V-570; Jasco Corp., Japan). Electrical 
 
Chapter 2                                              CA-PPy Composite films 
 
- 32 - 
 
conductivity of the PPy–CA films was determined using a resistivity meter 
(Loresta-GP MCP; Mitsubishi Chemical Corp., Japan) with a four-probe 
method. Sample film morphology was observed using scanning electron 
microscopy (SEM)(JSM-5400; JEOL, Japan). The sample films were 
sputtered with gold under vacuum using a coater (Quick Cool Coater 
SC-701MC; Sanyu Denshi K.K., Japan). In addition, for the measurement of 
another evaluation of PPy-CA films, the strength of the film was determined 
(LTS-500N-S20; Minebea Co. Ltd., Japan). The elasticity data were recorded 
with pulling speeds of 10 mm/min. 
 
 
2.3 Result and Discussion 
2.3.1 Preparation of PPy-CA composite films 
Table 1 shows PPy amounts in CA film. When the FeCl3 concentration was 
changed in the range of 10 mM to 100 mM, PPy loading in the composite 
films was charged from 3.6×10-6 g/gCA to 8.0×10-3 g/gCA. Here, the PPy-CA 
films were prepared in FeCl3 aqueous medium by coagulation of CA for 24h. 
The PPy loading amount in the CA scaffold increased gradually to be 
2.1×10-3 % to 4.7 %, when the concentration of the FeCl3 solution was 
increased from 10 mM to 100 mM, respectively. Table 1 also lists tensile 
strength of the resultant films. The values of tensile strength were decreased 
from 38.1 to 6.8 N/mm2, as the FeCl3 concentration was changed from 0 to  
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Figure 1 depicts pictures of the PPy–CA film formed on the glass plate at 
different FeCl3 concentrations. As changed from 10 mM to 100 mM of FeCl3, 
it was apparent that the resultant film color became black with increasing 
FeCl3 concentration. This indicated that Py in the water layer was 
polymerized in the presence of FeCl3 on the CA scaffold. In addition, these 
data meant that efficient formation of PPy occurred on the surface of the CA 
scaffold film, when FeCl3 became high concentration.  
In figure 2, the following SEM images of the resultant PPy–CA composites 
are shown for films prepared in 100 mM FeCl3 aqueous solution at room 
temperature. For the film obtained in the presence of FeCl3, panels (a) and 
(b) show the typical surface morphology of the PPy–CA film on the solution  
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side and on the side of the glass plate. The glass side of the PPy–CA film had 
a smooth surface in the shape, but the solution side of the PPy–CA film 
indicated that there were many PPy particles with diameter of about 1 μm. 
Furthermore, the cross-section image of the PPy–CA film shown in panel (c) 
presented that the thickness of the film was about 25 μm. Then, in panel (d), 
the surface layer attached consisted of the PPy particles with about a few μm 
thickness of the PPy. Furthermore, in Figure 2 (e), SEM image was focused 
on the PPy particles on the composite film having thickness of 0.2mm. It 
could be observed that the PPy particles showing about 1 μm diameter were 
attached on CA layer. These results indicate that the PPy layers were  
distributed on the CA scaffold. 
Figure 3 shows FT-IR spectra of the PPy–CA films. The characteristic peaks 
of CA for the carboxylate group (C=O) were observed at 1745 cm-1 and the  
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C-O group at 1219 cm-1. The strong band at 1029 cm-1 was assigned to the 
C-O-C band. Reportedly, the broad band centered at 3441 cm-1 was assigned 
to O–H stretching of CA [31]. In addition with their CA bands, the related 
PPy bonds were assigned in the fundamental vibration centered at 1527 cm-1, 
the =C–H inplane vibration at 1290 and 1122 cm-1, and the N–H stretching 
vibration at 3400 cm-1 for the pyrrole ring. With the increase of FeCl3 
concentration in the aqueous solution, the 1527 cm-1 band became intense, 
indicating that the PPy formation was enhanced in the CA film. 
The FT-IR spectra data show that the amounts of PPy in the PPy–CA film 
were calculated from the peak intensity ratio of 1745 cm-1 of the CA with 
1527 cm-1 derived from the PPy. Results clarified that the value of the peak 
intensity of the 1527 cm-1 band was increased relative to that of 1745 cm-1 
band, when the FeCl3 concentration increased. This supports that the formed 
amounts of PPy in the CA scaffold film increased with increasing FeCl3 
concentration. To compare the presence of measure PPys in the glass side 
and the solution side on the scaffold film, reflection FT-IR spectra of the 
PPy–CA film were measured (Figure 4). The comparison of these spectra was 
made that the solution side had high PPy band at 1527 cm-1 relative to that 
of the glass side. Observations revealed that the 1745 cm-1 band of the CA  
was weaker in the spectrum (a), apparently because the PPy component was 
formed gradually to be decreased from the surface of the film to the inside. 
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2.3.2 Electrical conductivity of PPy-CA film 
Figure 5 presents the influence of immersion time on electrical conductivity 
of the resultant films at different concentration of FeCl3. Results for the 
solution side of the film show a tendency with an increase of the electrical 
conductivity of the PPy–CA film, when the immersion time was changed 
from 1 h to 6 h. However, immersion beyond 8 h changed the value of the 
electrical conductivity only slightly, because the formation of polymerized 
PPy layer was almost stopped at these times. Moreover, a progressive 
increase was observed in the electrical conductivity of the PPy–CA film, as 
higher concentrations of FeCl3 were used in the aqueous solution. These data 
show that a high concentration of FeCl3 can influence formation of the 
numbers of PPy particles on the CA scaffold film. On the other hand, the 
electrical conductivity on the glass side of the film shows lower values than 
that of the solution side of the film, showing that the PPy formation was 
began from the solution side to inside of the film. 
Figure 6 presents the influence of FeCl3 concentration on the film electrical 
conductivity prepared for 2, 6 and 24 hours in the coagulation time. When 
the immersion time was increased, the difference in electrical conductivity of 
the resultant films in solution side and glass side became to be almost same. 
However a comparison of the results for 2 hour immersion showed large 
difference in the electrical conductivity. From these results, these FeCl3 
concentrations and the immersion time were influenced in the film electrical  
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conductivity and the electrical conductivity was searched to be distributed in 
the CA film inside, at 24 hours. 
Figure 7 shows reflection UV-Vis spectra of the PPy–CA film prepared in the 
FeCl3 aqueous solution. Here, these were measured on the glass side and the 
water solution side. The solution side shows that the absorption band around 
400 nm was caused by π→π* electronic transition of the PPy component. It 
was noted that the broaden band was observed around 500–700 nm in the 
spectra indicating that the PPy had bipolaron transition band on the CA 
scaffold film. This result suggests that the PPy interacted with dopant of Cl- 
[32]. The peak intensity of the π→π* band of the PPy showed almost 
identical intensity on the surface, but the bipolaron band intensity increased 
gradually on the solution side, when the concentration of the FeCl3 solution 
was increased.  
Figure 8 (a) shows relationship of both electrical conductivity of the resultant 
PPy–CA film and PPy contents in the CA scaffold for the films prepared with 
different immersion temperature. Here, the FeCl3 concentration was fixed at 
100 mM in the coagulation water. Decreasing change in the temperature of 
the coagulation bath apparently caused higher electrical conductivity of the 
PPy–CA film. Furthermore, the PPy contents in the CA scaffold was 
decreased, when the temperature was increased from 5 °C to 50 °C. To 
ascertain the temperature effects, the change in the viscosity of the Py–CA 
cast solution was also measured at different temperatures. As shown in  
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Figure 8 (b), the viscosity of the Py–CA solution increased more at 5 °C than 
at 25 °C. The comparison indicates 10 times higher viscosity achieved at 5 °C 
for 28.2 Pa·s than at 50 °C for 2.2 Pa·s, meaning that the low temperature 
became highly viscous solution. These date suggested that the formation of 
PPy particles in the PPy CA films strongly depended upon the coagulation 
temperature. The electrical conductivity data on (a) showed that in the low 
viscosity at 5 °C, Py polymerization was highly occurred. This might be due 
to that the Py monomers were moved to water layer at high temperature 
during the film was formed. Therefore, in order to ensure Py concentration in 
water solution used for CA coagulation during the film formation, absorption 
spectra of Py in the coagulation water were measured at different 
temperature. Figure 9 shows the Py amount coagulated in water measuring 
by UV absorption at 210 nm, at different immersion times for different 
temperatures. These data showed that the Py concentration in the water 
solution was increased at higher temperatures. This was because that the 
solvent exchange of Py with H2O occurred more rapidly at higher 
temperatures. The UV absorption intensity at 210 nm for the Py band was 
increased with an increase of the immersion time, and then became constant. 
It was noted that the dissolution amount of the Py became markedly higher 
at 50 °C, meaning that the Py monomer in the coagulated CA layer became 
low and decrease the number of PPy particles. As results, the electrical 
conductivity became lower at higher temperature.  
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2.4 Conclusions 
As a unique technique, PPy–CA composite films were prepared using wet 
cast method, when Py–CA solution was used. In the method proposed, the 
resultant composite CA included PPy particles having about 1 μm diameters. 
The amounts of PPy changed from 3.6×10-6 g/gCA to 8.0×10-3 g/gCA, when 
FeCl3 concentration was from 10 mM to 100 mM, respectively. At 100 mM 
FeCl3, resultant film expressed 3.6×101 S/cm electrical conductivity on the 
solution side of the film. Also, electrical conductivity was observed depending 
on the preparation conditions like immersion time, and immersion 
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Duel layer hollow fiber of polyaniline-cellulose acetate prepared 
with simple wet technique of chemical polymerization of aniline 
 
Abstract 
Polyaniline-cellulose acetate hollow fibers prepared from cellulose acetate 
(CA) solution of aniline (ANI) were founded to show dual layers structure, 
when wet technique was applied for using syringe injection of the solution to 
acidic water for ANI polymerization. In this technique, the polymerization of 
ANI occurred simultaneously by the monomer injection in coagulated CA 
fibers. Then, the PANI-CA composite fibers were obtained. The formation of 
the PANI-CA composite fiber was dependent upon HCl concentration and 
initiator of ammonium persulfate. Especially, when the coagulation time was 
1 min, the obtained PANI-CA fibers showed hollowed dual layer structure 
having outer layer of PANI and inner layer of CA. Evidence was presented 
that the dual structure fiber had 40 μm outer layer and 60 μm inner porous 
layer in their thicknesses. Cyclic voltammograms of the PANI-CA fiber were 
indicated that the outer layer was composed of PANI layer showing 
electrochemical properties with electrical capacity of about 0.003 C. 
Key words:  polyaniline, cellulose acetate, hollow fiber, composite material 
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3.1 Introduction 
Polyaniline (PANI) is a conjugated polymer obtained by polymerization of 
aniline (ANI) monomer and very useful for conductive materials. Since PANI 
is one of the most important conducting polymers, such polymer has been 
widely used in recent years as electrochemical and electronic materials for 
electromagnetic shield, antistatic agent, secondary batteries, and 
electrochromic display [1]. It is known that PANI takes chemical structure in 
fully reduced form of leucoemeraldine (LB), partially reduced emeraldine 
(EB), and fully oxidized one of pernigraniline (PB) (Scheme 1), depending on 
the preparation method [2, 3]. Physical properties of such PANI applied for 
conductive and optical materials are seriously influenced by chemical 
structures in their polymers. There were reports in recent year for PANIs on 
the application for fabrication of the polymers [4]. PANI rectangular tubes 
were synthesized by hydrogen adsorption using for carbon nanosphere 
template [5]. Nina Jiang et al. reported that adsorption of the heavy metals 
of Cu2+ and Pb2+ by the  
PANI nanofibers was found by assembled alginate microsphere. Many of 
these papers have focused in shape control of PANI. However, PANIs have 
very poor mechanical properties and still problems are shown in their 
materials for, limiting their uses in the self-standing form. To compensate 
this problem, a method of PANI complexed with other polymers has widely 
investigated. Among them, in particular, cellulose acetate (CA) is quitely  
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often used as scaffold matrices for PANI. So, their derivatives have an 
important industrial advantage for transparent film [6]. Representative CA 
is obtained by acetylation in cellulose derivative, showing good abilities like 
excellent chemical resistance, heat resistance and flammability. It can be 
used in wide industrial fields that CA is applied in cigarette filters, 
photographic film and separation membranes [7-10]. In our research group, 
it was studied that conductive polymer composite films with CA were 
prepared by wet phase inversion process [11]. In their progresses, it was 
found that the ANI monomer could dissolve CA, which was used as film 
substrate. When the CA-ANI solution prepared was poured to acidic aqueous 
solution, the obtained polymer composites were shown inadvertently to be 
film shape. In the present work, the PANI-CA composites were modified to 
form fiber shape. It was inadvertently found that the PANI-CA composite 
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fibers showed quite interesting nature in morphological observation like 
hollow fiber structure. 
On the other hand, in current trends for hollow fibers, uses of separation 
membranes have been paid more attention [12-16], because of some 
important advantages in high membrane packing and self-supporting ability. 
The hollow fiber allows a compact packing in module. In general, such fiber 
is prepared with extrusion method and water treatment hollow fiber 
becomes very popular now [17, 18]. However, there are very few reports on 
fiber conductive polymers. Therefore, the present work provides a quite 
simple process including with wet coagulation for preparation of hollow 
fibers having dual layers of PANI and CA. Thus, the originality in the 
present work is to use scaffold CA for PANI composite fiber prepared by wet 
coagulation CA and chemical polymerization of ANI. Such idea can propose 
an attractive method for preparing composite hollow fibers. During the CA 
was coagulated in water solution, the ANI polymerization appeared in the 
coagulated CA fibers. Effects of oxidation catalyst of the ANI polymerization 
and HCl concentration were examined in different conditions for the 
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Aniline (ANI) used as solvent of cellulose acetate (CA) and monomer for 
PANI was purchased from Tokyo Kasei (Japan). CA contained 39.7 wt% in 
acetyl content (Aldrich, USA) with average molecule weight of ca. 50,000 was 
used. Ammonium persulfate (APS) for the polymerization initiator of ANI 
was product of Nakalai Tesque (Japan) and used without purification. 
 
3.2.2 Preparation of PANI-CA composite fibers 
The PANI-CA fiber was prepared by wet phase inversion process by using 
syringe injection to acidic water. In a typical procedure, CA was soluble in 
ANI with 14 wt% was concentration by using in ANI solvent. The ANI–CA 
viscous solution was stirred overnight at room temperature until a 
homogeneous solution was obtained. Then, the resultant ANI-CA solution 
was poured from Needle (TERUMO., Japan) having inner diameter of 0.6 
mm into the aqueous solution, which contained different concentration of 
HCl and APS. After injection of the ANI-CA solution into the medium the CA 
coagulation was conducted and simultaneously oxidation polymerization of 
ANI was occurred [18]. The coagulation of CA was carried out in water for 
more than the minute in the aqueous solution. Then, Since the PANI was 
formed with the CA fiber matrix, the composite fiber became black after a 
certain time. The resultant black fiber was washed using distilled water to 
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remove excess ANI and HCl from the composite fibers. Then, the fiber was 




The CA fibers containing PANI were prepared by wet phase inversion 
process of CA-ANI solution by using syringe injection into acidic water. In a 
typical procedure, CA was dissolved in ANI solvent with 14 wt% 
concentration. The CA-ANI viscous solution was stirred overnight at room 
temperature until a homogeneous solution was obtained. Then, the resultant 
CA-ANI solution was packed in syringe (15 mm diameter) (TERUMO, 
Japan) having inner needle (0.6 mm diameter) and then injected into the 
acidic aqueous solution, which contained different concentration of HCl and 
APS. After the injection of the CA-ANI solution into the aqueous solution, CA 
coagulation was conducted and simultaneously oxidation polymerization of 
ANI was occurred [18]. The coagulation of CA was carried out in the water 
solution for 1, 3, 5 and 10 min. During the coagulation of CA, the PANI was 
formed in the CA fiber matrix. It was observed that the color of the fiber 
became black after a certain time. The resultant black fibers were washed 
using distilled water to remove excess ANI, APS and HCl from the composite 
fibers and then was dried in vacuum at room temperature overnight. 
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3.3 Results and discussion 
3.3.1 Preparation of hollow fibers having duel layers 
Figure 1 shows pictures of resultant fibers prepared in aqueous solutions 
containing different concentration of HCl and APS. The varied 
concentrations of HCl and APS in the aqueous solution for the CA 
coagulation were in the range of 0 M – 1.5 M and 0 M – 1.5 M, respectively. 
The coagulation was carried out at room temperature in 1, 3, 5 and 10 min 
after the solution was injected into the acidic aqueous solution. It was noted 
that no fiber was  
formed, when the CA-ANI solution was kept without HCl in the aqueous 
solution, which contained only APS. On the other hand, when APS was 
absent, white fibers were formed. In this case, no black color was observed in 
the polymer fibers. That is, the APS was important on the formation of the 
black PANI. In the presence of HCl, the water soluble anilinium chloride was 
generated, showing high solubility to be eluted in water layer. For this 
reason, only the CA polymer was coagulated by the phase inversion process. 
However, when the HCl was absent, the high solubility of ANI to the CA 
seemed to be difficult to coagulate CA in water. As a result, there were no 
fibers in the absence of HCl in the aqueous solution. Furthermore, it was 
interesting to note that the black fibers were formed in the aqueous solution 
containing both HCl and APS. Then, there was tendency that the fiber color 
was changed to be a glossy black, as HCl concentration was higher. 
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Figures 2 (a) and (b) show SEM images of cross section of the resultant 
PANI-CA fibers prepared in 1 M HCl and 1 M APS for the aqueous solution. 
Here, the coagulation times were changed after the CA-ANI solution was 
injected in the range of 1 min to 5 min. It was worthy nothing that the 
resultant PANI-CA had hollow-shaped fiber with about 300 μm diameter 
(Fig. 2(a)). The  
hollow fiber contained about 40 μm and 60 μm thicknesses for the outer and 
inner layer, respectively. In the 750 magnitude (Fig. 2(b)), there was 
completely different inner layer and outer layer, showing dual structure in 
the hollow shape. The picture observation suggested that the inner layer 
became porous and outer layer was dense in the morphological structure. For 
the inner layer, the porous structure was similar to the CA matrix prepared 
by phase inversion method [19]. In addition, the outer layer, which showed 
black color, seemed to contain PANI. Figures 2 (c) and (d) show SEM images 
of cross section of the PANI-CA fibers formed after 3 and 5 min coagulation, 
respectively. With increasing the coagulation time from 1 min to 3 min, the 
inner hollow structure of the resultant fibers was incomplete. At 5 min in the 
coagulation time, the SEM data showed that the hollow structure was absent. 
It was interesting to note that the outer layer thickness became large with 
increase of the coagulation time from 1min to 5 min, meaning that degree of 
ANI polymerized increased with the time. The image indicated that the 
outer layer was bulged tightly to the layer in the fiber. 
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Figure 3 shows FT-IR spectra of the PANI–CA fiber prepared in 1M HCl-APS 
aqueous solution for 1 and 5 min in the coagulation time. These spectra were 
measured in terms of KBr method.  
Reportedly, the characteristic peaks of CA for the carboxylate group (C=O) 
and the C-O group were observed at 1751 cm-1 and 1238 cm-1, respectively, 
in the spectra obtained. The strong band at 1049 cm-1 was assigned to the 
C-O-C band. Also, the broad band centered at 3450 cm-1 was assigned to OH 
stretching of CA [20, 21]. In addition with their CA bands, the related PANI 
bonds were assigned in the quinoid rings at 1580 cm-1, the C=N stretching 
vibration mixed with C-H bending vibration at 1492 cm-1, the C-N stretch of 
a aromatic amine at 1296 cm-1, and the C-H in plane bending modes at 1126 
cm-1. With the increase of the coagulation time, the 1296 cm-1 band became 
intense, indicating that the PANI formation was enhanced in the CA film 
[22-24]. For their spectra, since whole area of the fibers was used for their 
spectral measurement in KBr pellet, the information of outer and inner 
portions was included together in the spectra. Thus, to compare the FT-IR 
spectra in the each position of the PANI-CA fiber, the microscopic reflection 
FT-IR spectra of the PANI–CA fiber were measured. Figure 4 shows 
refraction FT-IR spectra at different position. As inserted by the SEM image 
in the figure, the positions of A-D were indicated in the picture. In 
comparison of these spectra, characteristic assignment was made at the 
different positions. The inner layer for the position D had  
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high CA band for OH band at 3450 cm-1 and C=O at 1751 cm-1. Therefore, 
this strongly suggested that the inner layer contained the coagulated CA. In 
the outer layer at the position A, the characteristic peak of CH in plane 
bending modes of PANI at 1126 cm-1 was appeared strongly. Although the 
OH peak of the CA appeared in the inner side interface at the position B, the 
outer layer was present in less peak intensities for the >C=O and OH 
attributed with CA. These results meant that the outer layer contained 
mainly a number of PANI polymerized from ANI. In addition, comparison 
indicated that the CA amounts were decreased when the observed position 
was changed from the D to A.  
 
3.3.2 Properties of ANI-CA fibers 
Fig. 5 shows UV-Vis spectra of the PANI–CA fiber prepared in the 1M  
 
Figure 5 shows UV-Vis spectra of the PANI–CA fiber prepared in the 1M 
HCl-APS aqueous solution at room temperature for different coagulation 
times. To measure the UV-vis spectra, the resultant fiber was dissolved in 
N,N-dimethylformamide (DMF) and then, measured by a transmission 
method using a quartz cell. In the UV-vis spectra of the PANI-CA prepared 
for 1 min coagulation, the two strong absorption bands were observed; One 
was with maximum at 590 nm corresponding to molecular exciton  
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transition and another at 320 nm, π→π* transition [22, 25, 26]. The 
spectrum implied that both oxidized and reduced species also were exhibited 
in the 320 nm transition. Moreover, there was absorption band at 427 nm in 
the spectra [27, 28]. This indicated the presence of aniline oligomers. In 
addition, when the coagulation time extended to be 5 min, the latter peak 
was shifted toward 634 nm, suggesting that the PANI was oxidized. From 
these results, when the aniline in the CA-ANI solution was added to the 1 M 
HCl-APS solution, the monomer formed PANI oligomers at the earlier 
coagulation time. Thereafter, the ANI was polymerized on the surface of the 
CA fiber to form PANI. With increase of the coagulation time, there was 
tendency that the formed PANI was oxidized to be the EB form in the inner 
layer. 
Figure 6 shows DSC curves of the PANI-CA fibers prepared in the 1M 
HCl-APS aqueous solution at room temperature. The DSC curves of the 
PANI powder and CA powder were also contained as references. The Tmax 
appeared in about 103 ᵒC for the fibers obtained with the 1 min coagulation. 
This meant that the evaporation of water molecules from the fibers was 
observed in the curves. It might be due to that waters were trapped inside of 
the polymer fiber or bound to the polymer backbone [29, 30]. In these curves, 
it was observed that the value of Tmax was shifted  
to the higher temperature side, when the fibers were prepared at longer 
coagulation times. This could be suggested that the increase of the  
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coagulation time increased the formation of the PANI in the CA scaffold 
fibers.  
Cyclic voltammograms are compared in Figure 7 for the PANI-CA fibers 
prepared in the 1M HCl-APS aqueous solution. In the CV data of (a), 
reduction potential peak was shown at -1V. In addition, when the cycles of 
the CV measurement were increased, the reduction potential peak was 
shifted toward low voltage side. This meant that the PANI-CA fiber prepared 
in the 1 min coagulation time contained PANI component, showing a low 
oxidation degree. Furthermore, the reduction potential peak was shifted 
toward -1.5 V side, when the cycle number was increased. This suggested 
that the increased coagulation time made PANI-CA oxidation in the fibers. 
Especially, for the 10 min of the coagulation time, the sample showed no shift 
of the reduction potential. This might be due to that the formed PANI had 
high oxidation degree in the obtained fibers [3, 31 - 34]. 
In the CV profiles, the area of the voltammograms corresponded to electrical 
capacity (C). Therefore, the CV data for their PANI-CA fibers could calculate 
to obtain values of electrical capacity [35, 36]. The resultant electrical 
capacity for the PANI-CA fibers prepared at coagulation times of 1 and 10 
min is plotted against cyclic numbers in Figure 8. When the coagulation time 
was increased from 1 min to 10 min, the values of the electrical capacity 
increased. In the case of the fiber prepared at 1 min, the value of the 
electrical capacity was almost constant at 3.3×10-3 C, but, that for the 10  
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min sample was slightly decreased from 7.2×10-3 C to 5.5 ×10-3 C, as the 
cycle number was changed from 3 to 10, respectively. The decreased 
electrical capacity at each cycle number indicated that the sample used 
contained PANI in the PANI-CA layer. Thus, during the CV measurement, 
the cycle might change the chain conformation in PB by oxidation of the 
PANI [37, 38]. 
 
3.4 Conclusion 
As a unique technique, PANI–CA fibers were prepared using wet cast 
method, when CA-ANI solution was used. The PANI-CA fibers obtained by 
the 1 min coagulation time had dual layer hollow fiber structure. The outer 
layer mainly contained the dense PANI layer and the inner CA layer, which 
was formed by the coagulation. When the coagulation time was changed in 
the range of 1 to 10 min, the hollow structure in the PANI-CA fiber was 
broken and dual layer without the inner hollow was formed. The 
electrochemical properties were measured using cyclic voltammetry. 
Changing the oxidation and reduction potential peak position indicated that 
the preparation conditions of the coagulation time depended on the oxidation 
and reduction condition of the resultant PANI in the fibers. 
 
Chapter 3                                              CA-PANI Hollow fibers 
 
- 72 - 
 
References 
[1] Ashif Ali Khan, Leena Paquiza (2011) Characterization and ion-exchange 
behavior of thermally stable nano-composite polyaniline zirconium 
titanium phosphate: Its analytical application in separation of txic 
metals. Desalination 265:242-254 
[2] Doo-Kyung Moon, Masahiro Ezuka, Tsukasa Maruyama, Kohtaro 
Osakada, and Takakazu Yamamoto (1993) Kinetic study on chemical 
oxidation of leucoemeraldine base polyaniline to emeraldine base. 
Macromolecules 26:364-369 
[3] Elisabeth Smela, Wen Lu, Benjamin R. Mattes (2005) Polyaniline 
actuators Part 1. PANI(AMPS) in HCl. Synthetic Metals 151:25-42 
[4] Yuanzhen Chen, Haiyan Zhu, Yongning Liu (2011) Preparation of 
activated rectangular polyaniline-based carbon tubes and their 
application in hydrogen absorption. International journal of hydrogen 
energy 36:11738-11745 
[5] Nina Jiang, Yiting Xu, Yuqiong Dai, Weiang Luo, Lizong Dai (2012) 
Polyaniline nanofibers assembled on alginate microsphere for Cu2+ and 
Pb2+ uptake. Journal of hazardous Materials 215-216:12-24 
[6] Daniel A. Cerqueira, Artur J.M. Valente, Guimes R. Filho, Hugh D. 
Burrows (2009) Synthesis and properties of polyaniline-cellulose acetate 
blends: The use of sugarcane bagasse waste and the effect of the 
substitution degree, Carbohydrate Polymers 78:402-408 
[7] Gyorgy Szamel, Attila Domjan, Szilvia Klebert, Bela Pukanszky (2008) 
Molecular structure and properties of cellulose acetate chemically 
modified with caprolactone, Euro Polym J 44:357–365 (2008) 
[8] P. Rama Rao, Prakash V. Diwan (1997) Permeability studies of cellulose 
acetate free films for transdermal use: influence of plasticizers, Pharm. 
Acta Helv 72:47-51 
[9] Angelica M. Lazarin, Claudemir A. Borgo, Yoshitaka Gushiken (2003) A 
 
Chapter 3                                              CA-PANI Hollow fibers 
 
- 73 - 
 
platinum electrode coated with a copper ( Ⅱ ) aminopropyl 
complex-cellulose acetate membrane and its use for dissolved oxygen 
reduction. J Membrane Sci 221:175–184 
[10] Ryuhei Morita, Fareha Zafar Khan, Toshikazu Sakaguchi, Masashi 
Shiotsuki, Yoshiyuki Nishio, Toshio Masuda (2007) Synthesis, 
characterization, and permeation properties of the silyl derivatives of 
cellulose acetate. J Membrane Sci 305:136–145  
[11] Tsubasa Takano, Aya Mikazuki, Takaomi Kobayashi (2013) Conductive 
polypyrrole composite films prepared using wet cast technique with a 
pyrrole-cellulose acetate solution. Polymer Engineering & Science, in 
press 
[12] Zhiming Mao, Xingming Jie, Yiming Cao, Lina Wang, Meng Li, Quan 
Yuan (2011) Preparation of dual-layer cellulose/polysulfone hollow fiber 
membrane and its performance for isopropanol dehydration and CO2 
separation. Separation and purification technology 77:179-184 
[13] Chunxiu Liu, Renbi Bai (2005) Preparation of chitosan/cellulose acetate 
blend hollow fibers for absorptive performance. Journal of membrane 
science 267:68-77 
[14] Le Trung Son, Kobayashi Takaomi (2011) Hollow-fiber membrane 
absorbents embedded molecularly imprinted polymeric spheres for 
bisphenol A target. Journal of membrane science 384:117-125 
[15] S.H. Liu, G.S. Luo, Y. Wang, Y.J. Wang (2003) Preparation of coiled 
hollow-fiber membrane and mass transfer performance in membrane 
extraction. Journal of membrane science 215:203-211 
[16] Xingming Jie, Yiming Cao, Jian-Jun Qin, Jianhui Liu, Quan Yuan 
(2005) Influence of drying method on morphology and properties of 
asymmetric cellulose hollow fiber membrane. Journal of membrane 
science 246:157-165 
 
Chapter 3                                              CA-PANI Hollow fibers 
 
- 74 - 
 
[17] T. He, M.H.V. Mulder, H. Strathmann, M. Wessling (2002) Preparation 
of composite hollow fiber membranes: co-extrusion of hydrophilic 
coatings onto porous hydrophobic support structures. Journal of 
Membrane Science 207:143–156 
[18] A.F. Ismail, M.I. Mustaffar, R.M. Illias, M.S. Abdullah (2006) Effect of 
dope extrusion rate on morphology and performance of hollow fibers 
membrane for ultrafiltration. Separation and Purification Technology 
49:10–19 
[19] S.B. Kulkarni, S.S. Joshi, C.D. Lokhande (2011) Facile and efficient 
route for preparation of nanostructured polyaniline thin films: Schematic 
model for simplest oxidative chemical polymerization. Chemical 
Engineering Journal 166:1179–1185 
[20] Damien Murphy, Maria Norberta de Phnho (1995) An ATR-FTIR study 
of water in cellulose acetate membranes prepared by phase inversion. 
journal of membrane science 106:245-257 
[21] A. Pielesz, W. Binias  (2010) Cellulose acetate membrane 
electrophoresis and FTIR spectroscopy as methods of identifying a 
fucoidan in Fucus vesiculosus Linnaeus. Carbohydrate Research 
345:2676–2682 
[22] Celia Dispenza, Maria Antonietta Sabatino, Dagmara Chmielewska, 
Caterina LoPresti, Giuseppe Battaglia (2012) Inherently fluorescent 
polyaniline nanoparticles in dynamic landscape. Reactive & Functional 
polymers 72:185-197 
[23] Miroslava Trchova, Pavel Matejka, Jitka Brodinova, Andrea Kalendova, 
Jan Prokes, Jaroslav Stejskal (2006) Structural and conductivity 
changes during the pyrolysis of the polyaniline base. Polymer 
Degradation and stability 91:114-121 
[24] Miroslava Trchova, Ivana Sedenkova, Eva Tobolkova, Jaroslav Stejskal 
(2004) FTIR spectroscopic and conductivity study of the thermal 
 
Chapter 3                                              CA-PANI Hollow fibers 
 
- 75 - 
 
degradation of polyaniline films. Polymer degradation and stability 
86:179-185 
[25] Artur J.M. Valente, Hugh D. Burrows, Victor M.M. Lobo (2006) Sorption 
of sodium dodecyl sulfate by polyaniline-cellulose acetate polymeric 
blends as seen by UV-vis spectroscopy. Colloids and surfaces A: 
Physicochem. Eng. Aspects 275:221-227 
[26] Yangyong Wang, Xinli Jing (2005) Effect of solution concentration on the 
UV-vis spectroscopy measured oxidation state of polyaniline base. 
Polymer Testing 24:153-156 
[27] W.M. de Azevedo, J.M. de Souza, J.V. de Melo (1999) 
Semi-interpenetrating polymer networks based on polyaniline and 
polyvinyl alchol-glutaraldehyde/ Synthetic Metals 100:241-248 
[28] J.E. de Albuquerque, L.H.C. Mattoso, R.M. Faria, J.G. Masters, A.G. 
MacDiarmid (2004) Study of the interconversion of polyaniline oxidation 
states by optical absorption spectroscopy. Synthetic Metals 146:1-10 
[29] Elisabeth Smela, Wen Lu, Benjamin R. Mattes (2005) Polyaniline 
actuators Part 1. PANI(AMPS) in HCl. Synthetic Metals 151.25-42 
[30] A.J.M. Valente, H.D. Burrows, A. Ya. Polishchuk, C.P. Domingues, O.M.F. 
Borges, M.E.S. Eusebio, T.M.R. Maria, V.M.M. Lobo, A.P. Monkman 
(2005) Permeation of sodium dodecyl sulfate through 
Polyaniline-modified cellulose acetate membranes. Polymer 
46:5918-5928 
[31] Leonardo Lizarraga, Estela Maria Andrade, Fernando Victor Molina 
(2004) Swelling and volume changes of polyaniline upon redox switching. 
Journal of Electroanalytical Chemistry 561:127–135 
[32] Barbara Parys, Paulina Celuch (2006) Redox transformations of 
polyaniline nanotubes Cyclic voltammetry, infrared and optical 
absorption studies. Electrochimica Acta 51:4115–4124 
[33] Tran Trung, Tran Huu Trung, Chang-Sik Ha (2005) Preparation and 
 
Chapter 3                                              CA-PANI Hollow fibers 
 
- 76 - 
 
cyclic voltammetry studies on nickel-nanoclusters containing polyaniline 
composites having layer-by-layer structures. Electrochimica Acta 
51:984–990 
[34] A.M. Bonastre, P.N. Bartlett (2010) Electrodeposition of PANi films on 
platinum needle type microelectrodes. Application to the oxidation of 
ascorbate in human plasma. Analytica Chimica Acta 676:1–8 
[35] H. Namazi, R. Kabiri, A. Entezami (2002) Determination of extremely 
low percolation threshold electroactivity of the blend polyvinyl 
chloride/polyaniline doped with camphorsulfonic acid by cyclic 
voltammetry method. European Polymer Journal 38:771–777 
[36] Kai Qi, Yubing Qiu, Zhenyu Chen, Xingpeng Guo (2012) Corrosion of 
conductive polypyrrole: Effects of environmental factors, electrochemical 
stimulation, and doping anions. Corrosion Science 60:50–58 
[37] H.G. Huang, Z.X. Zheng, J. Luo, H.P. Zhang, L.L. Wu, Z.H. Lin (2001) 
Internal photoemission in polyaniline revealed by photoelectrochemistry. 
Synthetic Metals 123:321-325 
[38] Dali Yang, Wen Lu, Russell Goering, Benjamin R. Mattes (2009) 
Investigation of polyaniline processibility using GPC/UV-vis analysis. 




Chapter 4                                                              Summary 
 





In the present thesis, preparation of composite materials of the electricaly 
conductive polymer and scaffold material with new phase inversion methods   
and these characterizations were studied for PPy-CA conductive films and 
PANI-CA duel layer hollow fiber.  
In Chapter 1, introduction of several conductive polymers and CA as a 
scaffold material were mentioned in their remarkably properties and 
applications. Furthermore, general phase inversion methods and new phase 
inversion method were described. Additionally, the purpose of this thesis was 
described for electrically conductive composite materials, which prepared by 
new phase inversion methods. 
Chapter 2 described for conductive PPy-CA composite film which were 
prepared using wet cast technique, when Py–CA solution was used. In the 
method proposed, the resultant composite CA included PPy particles having 
about 1 μm diameters. The amounts of PPy changed from 3.6×10-6 g/gCA to 
8.0×10-3 g/gCA, when FeCl3 concentration was from 10 mM to 100 mM, 
respectively. At 100 mM FeCl3, resultant film expressed 3.6×101 S/cm 
electrical conductivity on the solution side of the film. Also, electrical 
conductivity was observed depending on the preparation conditions like 
immersion time, and immersion temperature in addition with FeCl3 
concentration. 
In Chapter 3, PANI–CA fiber was prepared using wet cast method, when 
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ANI–CA solution was used. In the method proposed, The PANI-CA fiber 
obtained by the short reaction time has dual layer hollow fiber structure. The 
outer layer has formed by the densely PANI, and the inner layer has formed 
by the porous CA scaffold. When the reaction time was extended, center of 
the PANI-CA fiber also formed densely PANI. The electrochemical properties 
were measured using cyclic voltammetry were changed the oxidation and 
reduction potential peak position that depending on the preparation 
conditions like reaction time of ANI-CA solution with 1M HCl-APS solution. 
 
In conclusion, this thesis is specially characterized in following originalities 
in new phase inversion method of preparation of conductive composite 
materials. Features of this method, the monomers of conductive polymer 
could be used as a solvent for dissolving the scaffold material, and oxidation 
polymerization of conductive polymer was observed to proceed 
simultaneously with the coagulation of scaffold material for formation of 
composite material by contained polymerization initiator into the 
coagulation water in advance. Thus, it is possible to prepare the composite 
material easily and simply. In addition, it could be control the shapes of 
composite materials. ; 1) PPy–CA composite films were prepared using wet 
cast method, when Py–CA solution was used. The resultant composite films 
were characterized, showing good film fabrication and electrical conductivity 
of around 6.9×10-4 to 3.6×101 S/cm. 2) PANI-CA fibers were founded to show 
duel layers structure, when wet technique was applied for using syringe 
injection to acidic water in the ANI polymerization process. 
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I expect that these techniques of preparing composite material could 
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